Newly synthesized heparan sulfates purified from the cell layer of bovine aortic endothelial cells (BAECs) and main pulmonary artery endothelial cells (BPAECs) cultured under either normoxic (21% oxygen) or hypoxic (3% oxygen) conditions were characterized by size, charge, and capacity to bind to antithrombin III. Incorporation of radiolabeled sulfate into cell layer-associated heparan sulfate was reduced by 70%o in BAECs and by 45% in BPAECs during exposure to 3% oxygen; degradation of radiolabeled heparan sulfate was not affected by hypoxia. However, the percentage of total radiolabeled heparan sulfate that bound to antithrombin III was increased by 33% for BAECs and by 120%o for BPAECs when compared with radiolabeled heparan sulfate synthesized during the 21% oxygen exposure. Both the high-and low-antithrombin III affinity radiolabeled heparan sulfate consisted of two components of different sizes; the low-affinity components (mean sizes, 60 and 40 kd) generated under normoxic conditions were smaller than their respective high-affinity components (mean sizes, 70 and 55 kd) by molecular sieve chromatography. The components of low-antithrombin Ill affinity heparan sulfate generated during exposure to 3% oxygen were increased in size compared with the corresponding low-affinity components generated during the 21% oxygen exposure for both BPAECs and BAECs. In addition, the amount of the larger high-antithrombin III affinity component was reduced in both cell types exposed to hypoxia. There was no difference in functional heparin-like activity per dish between cells cultured at 3% and 21% oxygen; BAECs had twofold to threefold greater activity per dish than did BPAECs at both levels of oxygen 
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Newly synthesized heparan sulfates purified from the cell layer of bovine aortic endothelial cells (BAECs) and main pulmonary artery endothelial cells (BPAECs) cultured under either normoxic (21% oxygen) or hypoxic (3% oxygen) conditions were characterized by size, charge, and capacity to bind to antithrombin III. Incorporation of radiolabeled sulfate into cell layer-associated heparan sulfate was reduced by 70%o in BAECs and by 45% in BPAECs during exposure to 3% oxygen; degradation of radiolabeled heparan sulfate was not affected by hypoxia. However, the percentage of total radiolabeled heparan sulfate that bound to antithrombin III was increased by 33% for BAECs and by 120%o for BPAECs when compared with radiolabeled heparan sulfate synthesized during the 21% oxygen exposure. Both the high-and low-antithrombin III affinity radiolabeled heparan sulfate consisted of two components of different sizes; the low-affinity components (mean sizes, 60 and 40 kd) generated under normoxic conditions were smaller than their respective high-affinity components (mean sizes, 70 and 55 kd) by molecular sieve chromatography. The components of low-antithrombin Ill affinity heparan sulfate generated during exposure to 3% oxygen were increased in size compared with the corresponding low-affinity components generated during the 21% oxygen exposure for both BPAECs and BAECs. In addition, the amount of the larger high-antithrombin III affinity component was reduced in both cell types exposed to hypoxia. There was no difference in functional heparin-like activity per dish between cells cultured at 3% and 21% oxygen; BAECs had twofold to threefold greater activity per dish than did BPAECs at both levels of oxygen oxygen-5% CO2-92% N2; the other half continued to be maintained at 21% oxygen for an additional 24 hours. After this incubation period, the cells were harvested, and radiolabeled heparan sulfate was purified by a modification of the technique of Castor et al. 21 Cell layers were adjusted to 0.2N with concentrated NaOH. After 24 hours at room temperature, 25 ,ug hyaluronic acid was added to each sample as a carrier, and solutions were neutralized to pH 6-8 with 2 M HCl and boiled for 5 minutes. GAGs were then precipitated with cold ethanol containing 1.3% (wt/vol) sodium acetate. Samples were stored at -4°C overnight. The GAG precipitate was separated from the supernatant by centrifugation for 30 minutes at 10,000g. An aliquot of the supernatant was counted in a liquid scintillation counter (model 1600TR, Packard Instrument Co., Inc., Downers Grove, Ill.) using a double-label protocol for sulfur and tritium. All pellets were redissolved in the papain-pronase buffer used in the previous experiment and were treated with pronase at 55°C in a shaking water bath for 12 hours. Samples were again boiled for 5 minutes to terminate digestion, and GAGs were reprecipitated with cold ethanol containing 1.3% sodium acetate. Combined tritiated valine counts from both supernatants were used as a measure of valine incorporation into proteins. After centrifugation, GAG precipitates were redissolved in Tris buffer and were treated with two sequential aliquots of chondroitinase ABC added 4 hours apart to digest non-heparan sulfate GAGs. Intact heparan sulfate was separated from digested GAGs by molecular sieve chromatography over a Superdex 200 column in a fast protein liquid chromatographic (FPLC) system (Pharmacia LKB Biotechnology). Sixty-four fractions (2 ml) were collected at a flow rate of 1 ml/min using 20 mM triethanolamine as the buffer. Column fractions were counted by liquid scintillation using a double-label protocol, and peak fraction sulfate radioactivity was totaled. Some aliquots of antithrombin III affinity-purified high-and low-affinity BPAEC heparan sulfates were subjected to one-dimensional cellulose acetate electrophoresis along with heparin and heparan sulfate standards. 26 Samples were run in pyridine formate buffer, pH 3.1 on cooled cellulose acetate paper, for 130 minutes at 130 mA in a cooled horizontal electrophoresis apparatus (Multiphor, Pharmacia LKB Biotechnology). Electrophoresed heparan sulfate samples and standards were visualized by 1% Alcian blue staining at 37°C for 24 hours. After photography, sheets were cut into sections, the sections were dissolved using Filtron X (National Diagnostics Inc., Mannville, N.J.), and radioactivity was measured in an LKB scintillation counter (LKB-Wallac Co., Finland).
Measurement of Heparin-Like Activity
The heparin-like activity of high-affinity heparan sulfates purified from cultures (n = 3) from each group was measured using a commercial chromogenic assay based on the ability of heparin (or heparin-like material) to form antithrombin III complexes that interact and bind factor Xa added in excess. Unbound factor Xa is used to releasep-nitroaniline from an artificial peptide substrate S-2222 (Coatest heparin kit, acid-stopped technique, Helena Laboratories). Known amounts of standard heparin or purified heparan sulfate from endothelial cell cultures were incubated with 10 ,ul antithrombin III (1 IU/ml) for 10 minutes at room temperature. Factor Xa (7 nkat S-2222/ml, 200 ,l) was then added to mixtures that were incubated at room temperature for 2 minutes. The artificial peptide substrate S-2222 was then added, and the mixture was incubated at room temperature for an additional 3 minutes. The reaction was stopped by the addition of 300 gl of 20% acetic acid, and the absorbance of released p-nitroaniline was read at 405 nm. Standard curves of absorbance versus heparin concentration were constructed. Absorbencies from mixtures containing heparan sulfate were converted into heparin-equivalent international units, and results were normalized to the number of cells per dish.
Data and Statistics
Experiments were performed three times, each time with three separate monolayers in each group. Qualitative results were similar and reproducible in all experiments. Statistical comparisons were made among the four groups (BPAECs at 21% oxygen, BPAECs at 3% oxygen, BAECs at 21% oxygen, and BAECs at 3% oxygen) using a one-way analysis of variance to determine differences. A post hoc Scheffe's test was used to determine significance at the p<0.05 level for group pairs that exhibited statistically significant differences.27 This same protocol was followed for the degradation experiments, except that comparisons were made only for the 48-hour results. Effect of Hypoxia on the Degradation of Newly Synthesized Heparan Sulfate Hypoxia had no effect on the degradation of newly synthesized cell-associated heparan sulfate from either BPAECs or BAECs (Figure 2) . At 48 hours, radiolabeled heparan sulfate in normoxically maintained BPAECs was reduced to 25% of initial 24-hour values and was reduced to 30% of the initial values in hypoxically maintained cultures. Similarly, radiolabeled heparan sulfate isolated from BAECs was reduced to 17.6% of initial 24-hour values in both normoxically and hypoxically maintained cultures. As measured by tritiated valine incorporation into sodium hydroxide-sensitive and pronase-sensitive material, hypoxia also had no effect on protein degradation in both cell types. Tritiated valine incorporation was reduced to 40-50% of the initial control values for both cell types, irrespective of oxygen tension (Figure 3 ).
Results

Incorporation of Radiolabeled
Antithrombin III Affinity Separation of Heparan Sulfates
Although hypoxia resulted in reductions in sulfate incorporation into heparan sulfate, the percentage of binding to antithrombin III was greater for molecules synthesized under the 3% oxygen condition for both types of endothelial cells than for molecules synthesized under the 21% oxygen condition (Figure 4 ). This effect was greatest for material isolated from the cell layer of hypoxically exposed BPAECs (24) .
sulfate indicated that the high-affinity material comprised two portions, one of greater charge density, which coelectrophoresed with the heparan sulfate standard, and one of lesser charge density. The low-affinity fraction was found to contain only one spot that consisted of material of the lesser charge density. Most of the radiolabel in the high-affinity fraction was localized to the spot with the higher charge density. Functional Heparin-Like Activity of Heparan Sulfates The functional heparin-like activity of heparan sulfate isolated from BAECs exposed to 21% and 3% oxygen was similar: 0.031±0.005 IU per dish for cells exposed to 21% oxygen and 0.034±0.008 IU per dish for cells exposed to 3% oxygen (mean+SD). The functional heparin-like activity of heparan sulfate isolated from BPAECs was one-half to one-third less at both oxygen conditions: 0.012±0.005 IU per dish for cells exposed to 21% oxygen and 0.019±0.008 IU per dish for cells exposed to 3% oxygen (mean±+SD).
Discussion
Although endothelial cells from the main pulmonary artery and aorta are derived from the same fetal tissue and exposed to the same oxygen tension in utero, their differentiated functions might vary because of differences in their environment in the postnatal animal. One of the major differentiated functions of endothelial cells in adult animals is to present a nonthrombogenic surface to flowing blood. Because main pulmonary arterial The amount of the larger-sized component of the high-antithrombin III affinity heparan sulfate synthesized during the 3% oxygen exposure was specifically reduced in both cell types. The size of this component was not altered. However, the sizes of both low-affinity heparan sulfates isolated from cells exposed to 3% oxygen were increased relative to components synthesized from cells exposed to 21% oxygen. Although the relation between high molecular and lower molecular weight components is unclear, it would appear that exposure to 3% oxygen can selectively influence chain lengths of specific heparan sulfate components as well as modulate the overall synthesis of these components. These effects could have been mediated through hypoxia-induced alterations in the transcription or translation of specific heparan sulfate synthetic enzyme mRNAs in a fashion similar to that found for thrombomodulin. 13 We speculate that hypoxia may have also upregulated the synthesis of enzymes responsible for postsynthetic modifications of the chains with respect to making them heparin-like and capable of binding to antithrombin III (intracellular membrane bound 6-0 and 3-N sulfotransferases).30 Exposure to hypoxia is known to increase the synthesis of some proteins, e.g., the hypoxia-associated proteins recently described in bovine endothelial cells, the a1-adrenergic receptor proteins, and erythropoietin. 
